Introduction
Cardiovascular disease is the leading cause of mortality throughout the developed world (1) . Research identifying novel risk factors, innovative diagnostic modalities, and therapeutic interventions, coupled with education of clinicians and patients, have led to dramatic improvements in age-adjusted cardiovascular death rates (2) . Nevertheless, changes in lifestylerelated factors and the associated worldwide obesity epidemic have fostered continued growth in the prevalence of cardiovascular disease. As such, despite robust successes in recent decades, much work remains to identify novel targets of therapeutic intervention.
Macroautophagy is an intracellular process that mediates protein degradation, organelle turnover, and recycling of cytoplasmic components during nutrient starvation or cellular stress. The process commences with formation of the autophagosome, a double-membrane structure of reticular origin that sequesters cytoplasmic components and ultimately fuses with a lysosome, where engulfed cargo is degraded by lysosome-derived acid hydrolases. Materials degraded within the autolysosome are recruited to anabolic reactions to sustain energy levels and to provide macromolecules for synthesis of higher-order structures (e.g., nucleic acids, proteins, and organelles). Thus, macroautophagy helps cells adapt to changing nutritional and energy demands by repurposing existing cellular components to sustain cellular metabolism, homeostasis, and survival (3) .
Two other types of autophagy have been described. Microautophagy denotes direct engulfment of cytoplasmic material by lysosomes via inward invaginations of the lysosomal membrane. Chaperone-mediated autophagy involves a chaperone complex and lysosomal-associated membrane protein (LAMP) type 2A to degrade cytosolic proteins harboring a specific targeting motif. Whereas we recently reported that ryanodine receptor 2 can be specifically degraded by chaperone-mediated autophagy (4) , our focus here is on the much more extensively characterized macroautophagy (hereafter termed autophagy).
Despite the key beneficial role of autophagy, excessive or insufficient autophagic activity can each contribute to cell death. Indeed, diverse studies have shown that autophagic flux contributes to the pathogenesis of cardiovascular diseases, diabetes, inflammatory disorders, infection, and cancer (5) . Indeed, the term "autophagic cell death" was coined to denote morphologic changes observed by electron microscopy, in which a dying cell is characterized by abundant autophagic vacuoles in the cytoplasm (6) . However, despite considerable evidence linking autophagic activity to heart failure (HF) progression, uncertainty remains regarding whether increased autophagy is an epiphenomenon or a causative factor in the dying cardiomyocyte.
Autophagic activity in all cardiovascular cell types
Autophagic activity has been reported in each of the diverse tissues and cell types that constitute the circulatory system. Abundant evidence indicates that this response participates in a wide range of cellular responses to both physiologic and diseaserelated events (Figure 1 ).
Mammalian target of rapamycin (mTOR) is a key regulator of autophagic activity. In a generalized model, under nutrient-rich, proliferative conditions, a PI3K/Akt/mTOR signaling cascade inhibits autophagy. Many experimental scenarios employ starvation, or the mTOR inhibitor rapamycin, to activate autophagy. Changes in autophagic activity may be assessed ultrastructurally using microsopy, by monitoring the conversion of microtubule-associated protein 1 light chain 3 (LC3) to the active LC3-II form and by assessing changes in the abundance of autophagy-related proteins or degradation targets. consistent with autophagosomes were reported in VSMCs within atherosclerotic lesions (16) and atheromas (17) in humans and animal models. Subsequent studies in animal models of cardiovascular disease, using transgenic animals overexpressing labeled autophagic proteins (e.g., GFP-LC3) to monitor autophagic activity, similarly reported evidence of autophagy in VSMCs (18) .
Macrophages. Macrophage-localized autophagy has been reported in association with vascular disease (19, 20) . During lesion formation, autophagic markers (sequestosome 1 [SQSTM1, also known as p62], and LC3) were detected in atherosclerotic plaques of apoE -/mice, colocalizing primarily with monocytes/macrophages and leukocytes. In atherosclerotic aorta, p62 levels increased with increasing age and/or plaque burden, suggesting that autophagic flux may ultimately become compromised during disease progression, leading to accumulation of this linker protein. Although beclin 1 heterozygous-deficient mice on an apoE -/background manifest degrees of atherosclerosis similar to those seen in apoE -/mice wild type for beclin 1, complete abrogation of macrophage autophagy increases vascular inflammation and plaque formation (20) . Liao et al. (19) demonstrated that several proatherosclerotic stimuli induced autophagy in macrophages and that Atg5-deficient macrophages displayed enhanced apoptosis as well as increased NADPH oxidase-mediated oxidative stress. Macrophages in aortic root lesions of Ldlr -/mice fed a high-fat diet (HFD) displayed a punctate pattern of GFP-LC3 transgene fluorescence indicative of autophagic activity, with the number of p62-positive macrophages increasing as lesions progressed. Suppression of macrophagelocalized autophagy in Ldlr -/mice increased apoptosis and oxidative stress in plaque macrophages, promoted plaque necrosis, and impaired lesional efferocytosis. Moreover, autophagy facilitated the mobilization of lipid droplet-associated cholesterol for reverse cholesterol transport in macrophage-derived foam cells (21) . These data lend support for a protective role of macrophage autophagy in atherosclerosis.
Autophagy in the myocardium
Cardiac fibroblasts and myofibroblasts. Cardiac fibroblasts synthesize collagens, fibronectins, and other interstitial elements to maintain the integrity of the cardiac extracellular matrix (22) . In cultured adult cardiac fibroblasts, induction of autophagy by either serum withdrawal or β 2 -adrenergic stimulation correlates with enhanced degradation of collagen type I (23) . Autophagy can eliminate misfolded, trimeric forms of type I pro-collagen that accumulate as aggregates in the endoplasmic reticulum of Hsp47 -/fibroblasts (24) . These data suggest that autophagy can affect cardiac remodeling in part via its role in intracellular collagen degradation. Indeed, kidneys from mice deficient in beclin 1 exhibit a profibrotic phenotype with increased collagen deposition (25) . However, no studies as yet have examined cardiac fibrosis in animals with a fibroblast-specific autophagy deficiency.
Cardiomyocytes. Autophagy is required for normal cardiac development (ref. 26 and Figure 2 ). Using zebrafish expressing a GFP-LC3 reporter, autophagic activity was observed in multiple tissues during embryonic development, including the heart (27) . Morpholino knockdown of essential autophagy genes resulted in increased cell death, reduced survival, and defects in morphogenesis. Abnormal cardiac development included defects in cardiac ponent in the initiation of autophagy (7) ; oxidized LDL (oxLDL), advanced glycation end-products (AGEs), and C6-ceramide each promote the formation of autophagosomes (8) (9) (10) . Clinorotation, a simulated model of microgravity, increases beclin 1 and promotes conversion of LC3-I to LC3-II in HUVECs (11) . Endostatin, a potent inhibitor of neovascularization and tumor growth, triggers autophagic cell death in the human endothelial cell line EA.hy926 (12) . The green tea polyphenol epigallocatechin gallate promotes formation of LC3-II and autophagosomes in primary bovine aortic endothelial cells (13) . Moreover, mice harboring endothelial cell-specific silencing of autophagy-related gene 7 (Atg7) manifest normal vessel architecture and capillary density, yet exhibit impaired synthesis and release of von Willebrand factor (vWF), resulting in prolonged bleeding times (14) . This suggests that, in this context, autophagy is not required for vessel development, but rather plays an important role in regulating the processing, maturation, and secretion of vWF. Interestingly, gastrin-releasing peptide (GRP), an inducer of tubule formation, decreases expression of proautophagic factors, including ATG5, beclin 1, and LC3, and can even attenuate rapamycin-induced autophagosome formation. Overexpression of ATG5 or beclin 1 significantly decreases GRP-induced tubule formation, whereas siRNA targeting of Atg5 or beclin 1 results in increased tubule formation in response to GRP (15) . Taken together, these findings indicate that while autophagy may not be required for developmental patterning of vascular endothelial cells, its proper regulation is critical during fundamental adaptive responses such as secretion, cell proliferation, and tubule formation.
Vascular smooth muscle cells. Electron microscopic studies from the early 1960s provided the first evidence of autophagic activity in vascular smooth muscle cells (VSMCs) (16). Structures In most instances, an infarct-related artery recanalizes, either spontaneously or by therapeutic intervention. When oxygen and nutrients are restored to the previously ischemic tissue, cardiomyocyte autophagy is upregulated dramatically in vivo (e.g., in rat [ref. 36] , rabbit [ref. 37] , and swine [ref. 35] ), and in cells maintained in culture (e.g., in HL-1 cells [ref. 38] and primary neonatal cardiomyocytes [refs. 32, 33] ). However, detailed time-course analyses indicate that reperfusion-triggered autophagy is transient such that autophagic flux eventually declines below baseline levels (39) .
Reperfusion elicits a response that differs vastly from ischemia. Studies suggest that cardiac autophagy in response to reperfusion can be either adaptive or detrimental and involves beclin 1 activation independent of the AMPK/mTOR pathway (33) . Indeed, whether changes in autophagic activity elicited by reperfusion are adaptive or maladaptive is the subject of debate, with experimental evidence supporting either point of view. In cultured neonatal cardiomyocytes exposed to simulated ischemia/reperfusion (I/R), chemical suppression of autophagy with 3-methyladenine enhances cell viability (32) . In contrast, other studies report that autophagy is protective in simulated I/R (40, 41) . Furthermore, short repetitive ischemic episodes, which elicit beneficial preconditioning effects, also induce autophagy, and when autophagy is suppressed, the protective effects of preconditioning are lost (35, 41) . In HL-1 cells, I/R impairs autophagic flux at the level of both induction and processing, while enhancing autophagy protects against I/R injury (38) . Moreover, autophagosomes have been detected in surviving cardiomyocytes in chronic stages of myocardial infarction, suggesting that autophagy may aid in survival. Exposure to the autophagy inhibitor bafilomycin A1 exacerbates cardiac dysfunction and remodeling (42) . At present, the extent to which these discrepancies derive from differing cell types, model systems, or experimental paradigms is unclear.
Novel responses by beclin 1 and LAMP2 in I/R injury were recently reported (43) . While beclin 1 is essential for initiation of autophagy, it can also inhibit vesicle processing late in the autophagic cascade. Cardiomyocyte autophagy was upregulated in response to I/R injury, but autophagosome clearance was defective, leading to cell death. Reperfusion increased beclin 1 levels, causing impairment of autophagosome processing and reduced levels of LAMP2, a protein critical for autophagosome-lysosome fusion. Partial beclin 1 knockdown restored autophagic processing and protected from I/R injury-induced cell death, whereas complete beclin 1 knockdown impaired autophagosome formation and increased cell death (43) . Thus, beclin 1 abundance can be an important determinant of autophagic activity, either ensuring survival or triggering cell death (44) . Although it is well documented that haploinsufficiency of beclin 1 protects the heart in transverse aortic constriction-induced (TAC-induced) hypertrophy (45) or I/R injury (33, 43) , the actions of beclin 1 at both early and late points of the autophagic cascade complicate the interpretation of these studies. looping, abnormal chamber and valve morphologies, and ectopic expression of critical transcription factors (27) . Similarly, Atg5deficient mice displayed abnormal Tbx2 expression and defects in valve development and chamber septation (27) . Thus, autophagy plays an essential and highly conserved role in cardiac morphogenesis during vertebrate development (27) .
Autophagy is also required for terminal cardiomyocyte differentiation. Autophagy was increased in cardiac progenitor cells deprived of FGF (28); induction of autophagy was followed by enhanced cardiomyocyte differentiation, suggesting that FGF prevents premature differentiation of cardiac progenitor cells by suppressing autophagic activity. Disruption of this process may contribute to congenital heart defects.
Autophagy in cardiovascular disease
Autophagy is essential for normal maintenance, repair, and adaptation of the heart over the course of a lifetime. Evidence of autophagy in human heart disease was first reported in tissue samples from patients with dilated cardiomyopathy (29) . Analysis of hearts from patients with end-stage HF indicated that cardiomyocytes died by a variety of mechanisms including necrosis, apoptosis, and autophagy, with autophagy reported as the most prominent (30) .
Autophagy during ischemia/reperfusion. During ischemia, nutrient and oxygen supplies to the myocardium are limited, a state reminiscent of starvation. In this context autophagy can be adaptive, meeting cellular metabolic needs and eliminating damaged mitochondria, which could otherwise release damaging ROS and initiate apoptosis (31) . Consistent with this, pharmacologic inhibition of autophagy in ischemia-mimicking conditions increases cardiomyocyte death, suggesting that autophagy functions as a pro-survival mechanism (32) . During mild ischemic stress, activation of autophagy depends on AMPK-mediated inhibition of mTOR and is cardioprotective (33, 34) . In the setting of chronic ischemia, autophagic activity can inhibit apoptosis and mitigate tissue damage (35) . induces autophagy through nuclear localization of FoxO1 (56) . In Sirt1-knockout mice, beclin 1 levels are diminished, consistent with the involvement of Sirt1 in regulation of autophagy (57) . In addition, exogenous NAD + can block phenylephrine-and angiotensin II-induced cardiac hypertrophy through activation of the Sirt3/AMPK pathway (58) . Thus, cellular events that govern NAD + levels may emerge as therapeutic targets in cardiac remodeling. In a hypertensive double-transgenic rat model harboring copies of both the human renin and angiotensinogen genes (dTGRs), caloric restriction decreased mortality, cardiomyocyte hypertrophy, vascular inflammation, cardiac damage, cardiac fibrosis, cardiomyocyte apoptosis, and transcript levels of atrial natriuretic peptide (59) . These effects were independent of changes in blood pressure and were linked to increased autophagy (59) .
The number of cellular processes regulated by microRNAs (miRNAs) has grown to include critical elements of cardiac biology, including cell size regulation, survival, action potentials, mitochondrial function, and energetics (60) . Recently, Ucar et al. showed that the miRNA-212/132 family regulates both cardiac hypertrophy and autophagy by targeting FoxO3 (61), adding to the growing body of evidence for a crucial role of autophagy in the control of hypertrophy. Furthermore, because autophagy is controlled by a variety of tractable mechanisms, including histone deacetylases (HDACs), sirtuins, and miRNAs, autophagy has emerged as a promising "druggable" target in hypertrophic heart disease.
Autophagy in HF. The initial response of the heart to increases in afterload is hypertrophic growth (48) . If the afterload stress persists, the heart becomes dilated, contractile function declines, and HF ensues (62) . Indeed, this disease progression commonly occurs in patients with hypertension or ischemic heart disease (ref. 63 and Figure 2 ).
In a model of pressure overload, we found that the degree of autophagic activity correlated with the magnitude of hypertrophic growth and the rate of transition to HF (45) . Consistent with these findings, transgenic mice with cardiomyocyte-restricted overexpression of beclin 1 amplified the pathologic remodeling response (45, 64) . Conversely, beclin 1 haploinsufficiency halved the stress-induced autophagic response and partially rescued the HF phenotype (45) . Collectively, these data suggest that autophagy can be maladaptive under conditions of severe pressure overload, a common clinical scenario.
It is somewhat counterintuitive that autophagy, a mechanism of protein degradation, should facilitate hypertrophic growth. However, the natural history of HF involves substantial remodeling of ventricular morphology from concentric hypertrophy to eccentric hypertrophy, a structural change that would necessitate catabolism and recycling of existing cellular structures. Because of this, autophagy is a potential target for therapeutic intervention in afterload-induced HF. To test this, we recently employed small-molecule inhibitors of HDACs, which have previously been shown to suppress pathologic cardiac remodeling (65) . We hypothesized that maladaptive autophagy is HDAC dependent and that the beneficial effects of HDAC inhibitors occur due to their ability to suppress autophagy. Consistent with this model, we found that HDAC inhibition was, in fact, capable of profoundly suppressing load-induced cardiomyocyte autophagy and thereby blunted the pathologic growth response (64) .
With regard to human disease, analysis of tissue samples from patients with ischemic heart disease is typically confounded by co-existing HF (29) . Autophagy was described in human right atrial appendages collected before cardioplegic arrest and again after reperfusion. Perioperative I/R upregulated 11 ATGs and downregulated three (of 84 examined). Elevated autophagic activity was also confirmed through observations of increased LC3-I levels and LC3-II/LC3-I ratios (46) .
Autophagy in cardiac hypertrophy. Cardiac hypertrophy is a major risk factor for adverse cardiovascular events (47) . Initial phases of hypertrophic growth of the myocardium are thought to be adaptive, serving to normalize ventricular wall stress and oxygen demand; however, this concept has never been tested. Cardiac hypertrophy involves increases in the size of individual cardiomyocytes. When it occurs in response to physiologic cues such as exercise or pregnancy, it is not associated with HF. By contrast, hypertrophy elicited by disease-related stresses such as hypertension, obesity, valvular disease, or infarction is pathological and correlates with abnormal metabolic, structural, and functional alterations, including changes in metabolic substrate utilization, disorganization of the sarcomere, alterations in Ca 2+ handling, changes in contractility, cardiomyocyte loss, systolic and/or diastolic dysfunction, and electrical remodeling (48) .
Remodeling of any tissue involves alterations in the steadystate equilibrium between protein synthesis and protein degradation. A number of studies have focused on the relationship between catabolic pathways and myocardial remodeling, with autophagy being one of the most extensively studied. The first report of autophagy in cardiac hypertrophy dates from 1983, when reduced numbers of autophagic vacuoles were noted in ventricular hypertrophy stemming from supravalvular aortic constriction, suggesting that the degradation of cytoplasmic components was inhibited (49) . Cardiomyocyte-specific conditional deletion of ATG5 uncovered a key role for autophagy in the maintenance of cardiac structure and function both in the basal state and under hemodynamic stress (50) . In TAC-induced pressure overload, autophagic activity increased as early as 24 hours after surgery, and load-induced pathologic remodeling was blunted in beclin 1 haploinsufficient mice (45) . Conversely, cardiomyocyte-restricted overexpression of beclin 1 substantially amplified adverse remodeling (45) . Subsequent studies identified protein aggregation is a proximal trigger of load-induced cardiomyocyte autophagy (51) .
As in the case of I/R, cardiomyocyte autophagy triggered by increased afterload appears to have both adaptive and maladaptive features. This dual nature of autophagy is a recurring theme in other organ systems and disease states (52) . Indeed, we have postulated that the physiologic impact of autophagy is a continuum, and a window of optimal autophagic activation is critical to the maintenance of cellular homeostasis and function (53) .
A shift in the balance between the oxidized and reduced forms of nicotinamide adenine dinucleotide (NAD + and NADH) has been shown to influence autophagic flux. The prevention of downregulation of nicotinamide phosphoribosyltransferase, a rate-limiting enzyme in the mammalian NAD + salvage pathway (54) , protects against myocardial injury by increasing NAD + and ATP levels, inhibits apoptosis, and stimulates autophagic flux (55) . NAD + acts in part by activating sirtuin 1 (Sirt1), which then jci.org Volume 125 Number 1 January 2015 tion characterized by defective autophagosome-lysosome fusion owing to a mutation in LAMP2. In a mouse model of Pompe disease, a disorder marked by defective metabolism of glycogen due to insufficiency of lysosomal acid α-glucosidase, the suppression of autophagy through ATG7 inactivation facilitated successful enzyme replacement therapy (81) . A late-onset, LAMP2-positive dilated cardiomyopathy resembling Danon disease has also been reported, characterized by increased autophagic vacuoles, but not caused by a mutation in LAMP2 (82) . Diabetic cardiomyopathy. Cardiac autophagic flux was inhibited in a model of type 1 diabetes (T1D) (83) , and T1D-induced cardiac damage was substantially attenuated in beclin 1-and Atg16-deficient mice. In contrast, cardiac damage was exacerbated in a dose-dependent manner by beclin 1 overexpression in the same model of T1D. Taken together, these findings suggest that decreased autophagy is an adaptive response in T1D that helps to limit cardiac dysfunction (83) . T1D is an autoimmune disease characterized by the destruction of pancreatic β cells by autoreactive T cells. Some evidence suggests that autophagy favors this autoimmune process (84) . Therefore, decreased autophagic activity in the pancreas might also protect β cells, limiting T1D progression and subsequent cardiac damage.
Autophagy has been implicated in the development of insulin resistance and T2D. Genetic ablation of Atg7 in pancreatic β cells resulted in degeneration of islets, impaired glucose tolerance, and reduced insulin secretion (85, 86) . Moreover, cardiomyocytes isolated from T2D db/db mice and HFD-induced obese mice exhibited reduced autophagic activity (87, 88) . However, some recent reports conflict with these findings. Mellor et al. reported that increased myocardial autophagic flux in fructose diet-induced T2D mice resulted in pathologic remodeling of the heart (89) . Upregulation of autophagy was also found in human T2D pancreatic β cells (90) . These results suggest that in T2D, increased autophagy may serve as a compensatory response to insulin resistance by providing cellular components essential for maintaining normal cellular architecture and function.
Atrial fibrillation. Postoperative atrial fibrillation (POAF) is a common surgical complication. Electron micrographs of atrial tissue from patients with POAF revealed significant accumulation of autophagic vesicles and lipofuscin deposits. Total protein ubiquitination was similar in patients with or without POAF, but LC3B processing was markedly reduced in those with POAF, suggesting that selective impairment of autophagic flux contributes to atrial remodeling in patients developing POAF (91) .
Aging. Aging is often accompanied by geometric and functional changes in the heart. Aging induces cardiac hypertrophy, fibrosis, and decreased cardiac contractility. Levels of beclin 1 and ATG5 and LC3-II/LC3-I ratios are decreased in aged hearts, and levels of p62 are increased, which suggests an impairment of autophagy (92) . Rapamycin reduces aging-induced cardiomyocyte contractile and intracellular Ca 2+ dysfunction (92) .
Anticancer drug-induced cardiomyopathy. Cancer chemotherapy, particularly with anthracyclines, has long been associated with significant cardiotoxicity (93) . The majority of human studies suggest that doxorubicin increases autophagy and likely contributes to cellular dysfunction and apoptosis (94) . Notably, many preclinical studies are based on models of high-dose doxorubicin As discussed earlier, although excessive cardiomyocyte autophagy can be maladaptive, complete abrogation of autophagy is similarly maladaptive and can accelerate the progression to HF. For example, inactivation of Atg5 in adult heart is sufficient to trigger rapid-onset HF (50) . Similarly, systemic inactivation of the gene encoding the lysosomal enzyme cysteine endopeptidase cathepsin L (Ctsl) leads to the accumulation of large dysmorphic vesicles in the cardiomyocyte cytoplasm and dilated cardiomyopathy (66) , consistent with the notion that basal levels of cardiomyocyte autophagy are required for cellular proteostasis. Given this, we favor a model in which titration of cardiomyocyte autophagy within an optimal, adaptive zone is a therapeutic goal of interest (53) . Importantly, HDAC inhibition suppresses, but does not eliminate, the autophagic response to stress and hence is an attractive strategy worthy of additional investigation (39, 64) .
Analysis of human samples has afforded additional evidence that autophagic cell death contributes to HF pathogenesis (30, 67) . In patients with isolated aortic valve stenosis and varying degrees of left ventricular systolic dysfunction, cell loss, mainly due to autophagy and oncosis, was associated with the progression of left ventricular systolic dysfunction (5) . More recently, analyses of biopsy samples of left ventricular myocardium from nine patients with idiopathic dilated cardiomyopathy obtained at the time of both implantation and explantation of a left ventricular assist device showed that mechanical unloading of the failing human heart was associated with decreased markers of autophagy (68) . It is not known whether mechanical unloading restores autophagy to basal levels or establishes a new set point. Furthermore, as these were static endpoint studies, it is possible that initial increases in autophagic activity accompanied unloading to facilitate atrophic remodeling.
Mitophagy. Mitophagy is the selective sequestration of mitochondria by autophagosomes and their subsequent delivery to lysosomes for degradation. This process is important for myocardial homeostasis and stress adaptation. Destruction of damaged mitochondria by mitophagy induces cardiomyocyte preconditioning and reduces cell death during I/R (69, 70) . Oka et al. showed that impaired mitophagy leads to TLR9-mediated inflammatory responses in cardiomyocytes and induces myocarditis and dilated cardiomyopathy (71). Hoshino et al. showed that cytosolic p53 impairs autophagic degradation of damaged mitochondria, triggering mitochondrial dysfunction and HF in mice (72) .
Autophagy in other cardiomyopathies
Protein aggregation-related cardiomyopathy. Defective autophagy contributes to disease progression in certain genetic forms of cardiomyopathy and skeletal myopathy linked to protein aggregation (73) and muscle wasting (74) . Autophagic protection of cardiomyocytes from proteotoxic stress has also been demonstrated in experimental mouse models of proteinopathy (75) (76) (77) . Autophagic activity was elevated in a model of proteotoxicity, and the blunting of autophagy accelerated progression to HF (75) . Conversely, increasing autophagic flux by elevating ATG7 levels decreased pathology and prolonged survival (78) .
Glycogen storage disease-related cardiomyopathy. Glycogen storage disease can present as hypertrophic cardiomyopathy (73, 79, 80) . This is particularly the case for Danon disease, a condijci.org Volume 125 Number 1 January 2015 exposure, which triggers lethargy, anorexia, and weight loss, thereby confounding the interpretation of cardiomyocyte autophagy. In some instances, autophagic flux was never evaluated. Doxorubicin may stimulate autophagy in the heart via depletion of GATA binding protein 4 and activation of ribosomal protein S6 kinase 1 (S6K1), which in turn may regulate essential autophagy genes (94) . Rat models of doxorubicin-induced cardiomyopathy further implicate cardiomyocyte autophagy in the progression to HF (95) . Drug-related cardiotoxicity is suspected in cancer patients treated with the reversible proteasome inhibitor bortezomib (96). Rats exposed to bortezomib develop HF, endoplasmic reticulum stress, and increased autophagy (96) .
Autophagy in atherosclerosis
The role of autophagy in atherosclerosis has been investigated extensively, with a particular focus on VSMCs and endothelial cells. Transmission electron microscopy of VSMCs in the fibrous cap of experimental or human plaques revealed features of autophagy (97) , and Western blot analysis of advanced human plaques showed elevated levels of LC3-II (98) . Several autophagy triggers are present within the atherosclerotic plaque, such as inflammatory mediators (99) , ROS (100), oxLDL (101, 102) , TNF-α (99), osteopontin, and AGEs (103, 104) . In aortic smooth muscle cells (SMCs), increases in LC3 and autophagy were detected during lipid peroxidation (105) . Autophagic activity confers cytoprotection from aldehyde-induced death via removal of aldehyde-modified proteins (106) . Moreover, mild oxidative stress activates autophagy to facilitate the removal of damaged organelles (107) . Treatment of VSMCs in culture with 7-ketocholesterol, one of the major oxysterols present in atherosclerotic plaques, not only triggers oxidative damage but also extensive autophagic activity (108) . In these models, autophagy promotes survival of VSMCs. However, SKF 96365 (an inhibitor of transient receptor potential calcium channels) induces apoptosis and autophagy in the VSMC line A7r5 (109) . TNF-α stimulates autophagic VSMC death (99) . Thus, in these last two models, SKF 96365 and TNF-α-induced autophagy are involved in the promotion of cell death rather than in cytoprotection.
VSMCs within the fibrous cap are surrounded by a thick layer of basal lamina, resulting in local hypoxia due to inadequate vascularization (110) , as well as nutrient and growth factor deprivation, conditions that induce autophagy. Dying VSMCs in the fibrous cap of advanced plaques in humans harbor ubiquitinated inclusions in the cytoplasm and may undergo autophagic death (108, 111) . Yet there is general consensus that basal autophagy is protective against oxidative stress (107) . A protective role for autophagy was demonstrated in vitro by showing that statin-induced VSMC death could be attenuated by 7-ketocholesterol (112) , which induced autophagy through NADPH oxidase 4 and ATG4 (113) . Similarly, exposure of endothelial cells in culture to oxLDL or AGEs (102, 114) induced autophagy, which protected against endothelial cell injury (115) . Moreover, verapamil can inhibit vascular injury-induced neointima formation by promoting autophagy (116) . Conversely, excessive autophagic activity can provoke plaque destabilization, lesional thrombosis, and acute clinical events (98) .
Autophagy in vascular remodeling
Evidence has been documented of both pro-and antiatherosclerotic autophagic functions. Hu et al. showed that proatherosclerotic AGEs can induce VSMC proliferation via ERK and AKT path- way-mediated induction of autophagy (103) . The developmental morphogen, sonic hedgehog, is re-expressed in atherosclerotic lesions, stimulating both autophagy and proliferation of VSMCs through an AKT-dependent pathway (117) . PDGF-BB, which promotes development of the proliferative VSMC phenotype, is a robust inducer of autophagy (118) . These results clearly contrast with the observation that both serum starvation and nutrient deprivation, standard inducers of autophagy, inhibit VSMC proliferation (119, 120) . Moreover, treatment of VSMC with the cortisone reductase inhibitor emodin induces growth arrest and cell death by autophagy (121) . Rapamycin blocks VSMC migration and proliferation in vitro and intimal hyperplasia in vivo, and induces VSMC differentiation in culture (122) . Rapamycin also increases the activity of the cyclin-dependent kinase inhibitor p27Kip1 (123, 124) , as well as Rb, to attenuate VSMC proliferation (125) . Furthermore, rapamycin and its analogs are used clinically to limit VSMC proliferation, such as in drug-eluting coronary artery stents (126, 127) . Sirolimus from drug-eluting stents induces autophagy in vascular endothelial cells suppressing reendothelialization and revascularization (128) .
The roles of mTOR and AKT and their relationship to autophagic activity in VSMCs are complex. Rapamycin induces VSMC differentiation by specific activation of the Akt2 isoform, promoting expression of contractile proteins (129) . In fact, arachidonic acid, TGF-β, FK506, and leptin induce VSMC proliferation through PI3K-dependent activation of mTOR (130) (131) (132) (133) . Thus, autophagy in VSMCs can confer both adaptive and maladaptive actions depending on the context. Currently, many studies are underway to parse "good" autophagy from "bad" and to define underlying mechanisms.
Pharmacologic modulation of autophagy in cardiovascular diseases
Several pharmacologic agents have been identified that modulate autophagy. Many of them manifest efficacy in the treatment of cardiovascular disorders ( Table 1 ). The only clinical trial related to manipulation of autophagy in cardiovascular disease involved the use of sirolimus after cardiac allograft (ClinicalTrials.gov identifier NCT01889992). Insights gleaned from such work raise the exciting prospect of tuning the autophagic response for therapeutic gain. However, considering the dual role of autophagy in cytoprotection and cell death, specific targeting and careful titration will be required.
Challenges for the future
Autophagic flux participates in cardiovascular physiology and pathophysiology in myriad ways and in essentially all cell types. Recent studies reveal that this process is druggable, such that it could be manipulated for therapeutic gain. As such, it is possible that this evolutionarily conserved cellular mechanism will emerge as a therapeutic target; indeed, recent work suggests that this is already the case (39) . To bring this to fruition, however, a number of major challenges must be addressed.
In many instances, the role of autophagic flux in cardiovascular pathophysiology is unclear: whether changes in autophagic flux are causal, secondary, or occur as epiphenomena remains to be determined. Is the response a mechanism contributing to disease progression? Is it an adaptive cellular response to withstand and resist disease-related stress? Is the response unrelated to disease pathogenesis? Also, it will be critical to differentiate the role(s) of autophagic flux in normal cellular homeostasis, development, aging, and responses to environmental stimuli (e.g., exercise) from events occurring in the context of disease.
Are the differences between good and bad autophagy merely quantitative, such that too little or too much autophagy is harmful? Or are the differences qualitative, such that the cellular elements that are targeted differ or are processed differently? When is autophagy in the heart non-selective in terms of its catabolic targets, and when does it target specific molecular species or organelles? What are the relative contributions of defects in autophagosome initiation, processing, lysosomal fusion, cargo degradation, and release of catabolic end-products to human disease? A significant limitation in this field is the lack of noninvasive means of gauging autophagic flux in the myocardium. A knowledge of circulating biomarkers or the availability of imaging modalities that allow for determination and quantification of autophagic activity in the heart would be a major advance. Further, biomarkers that distinguish maladaptive from adaptive autophagic flux would help to propel this field to clinical translation.
Another major challenge is the development of efficacious and well-tolerated means of regulating autophagic flux for therapeutic gain. It will be important to effectively target those strategies to specific cells and tissues, as globally altered autophagic flux might be beneficial in one tissue (e.g., heart) and deleterious elsewhere in the body.
Conclusion and perspective
Changes in the level of autophagic flux are seen in essentially all forms of heart disease and in all cell types. In some instances, that response is beneficial; in other cases, it is maladaptive, promoting disease progression. Despite formidable challenges we are optimistic that targeting autophagic flux in the cardiovascular system will emerge as a therapeutic target of clinical relevance. Much work remains to decipher this fascinating biology, but patients with heart disease are likely to benefit.
